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The Bcl-2 family of proteins consists of pro-and antiapoptotic factors which critically regulate cell survival and programmed cell death particularly by controlling the intrinsic, mitochondrial apoptosis pathway [1] . The Bcl-2 protein (B-cell CLL/lymphoma 2) functions as apoptosis antagonist and plays a pivotal role in cancer development and therapy resistance [2] . Inappropriate amplification of the Bcl-2 gene or its overexpression has been shown to contribute to tumorigenesis in various types of tumors, including diffuse large B-cell lymphoma [3], B-cell chronic lymphocytic leukemia, hairy cell leukemia [4] , acute lymphoblastic leukemia [5] , renal [6] , prostate [7] , and small-cell lung carcinoma [8] . In particular for melanoma, high Bcl-2 expression was identified early on as suitable antitumor target [9] .
A high ratio of anti-apoptotic Bcl-2 to pro-apoptotic Bax was indicated as critical factor for melanoma apoptosis resistance [10] .
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protein synthesis in an in vitro translation assay [12] , multiple examples were found for the specific inhibition of translation, e.g. G-quadruplexes in the 5 0 UTRs of the MT3 matrix metalloproteinase [13] , the zinc-finger protein of the cerebellum 1 (zic-1) [14] , the human estrogen receptor a [15], the telomeric repeat-binding factor 2 (TRF2) [16] , and the actin-related protein 2/3 complex subunit 2 (ARPC2) [17] . Based on these findings, G-quadruplex motifs in the 5 0 UTRs of mRNAs are now generally thought to contribute to control of gene expression [18] [19] [20] [21] [22] . The oncogene Bcl-2 is a particular example for a G-quadruplex in its 5 0 UTR that might suppress its translation and thus suppress tumorigenesis and therapy resistance [23] .
Besides the functional evidence of G-quadruplex structures, they can be directly demonstrated by RNA structure-specific antibodies [24] or by engineered fluorogenic hybridization probes [25] . Unexpectedly, a very recent study based on intracellular structural probing with dimethyl sulfate (DMS) and selective 2 0 -hydroyl acylation analyzed by primer extension (SHAPE) found that G-rich RNA sequences, which in vitro tend to fold G-quadruplex structures, however, are widely unfolded in living eukaryotic cells by cellular helicases [26] .
This study is in clear discrepancy to the aforementioned findings showing intracellular presence of Gquadruplex structures based on direct detection and functional assays. However, functional studies of RNA G-quadruplexes to date have all been based on reporter gene assays [27] . To this end, isolated G-quadruplex-forming sequences or the full-length 5 0 UTRs were cloned upstream of a reporter gene, commonly luciferase. Many published studies made use of dualluciferase assay, e.g. with Renilla and firefly luciferase, providing an internal standard for normalization. The inhibitory effect can then be demonstrated by comparing the luciferase expression in the presence of a functional G-quadruplex as compared with a mutated control, which lacks G-quadruplex formation. Translational and transcriptional controls are distinguished by parallel quantitative RT-PCR experiments.
While these reporter assays clearly demonstrated the inhibitory effect of G-quadruplex structures on translation, to the best of our knowledge, no study has been published to date that also proves the functional relevance of a G-quadruplex motif in endogenous gene expression. The particular aim of this study was, therefore, to prove the role of the often discussed G-quadruplex-forming sequence in the native Bcl-2 gene. To this end, it was disrupted on the genomic level by means of CRISPR/Cas9 technology. According to the generally assumed function of G-quadruplex structures, this was expected to result in a relief of the repressive effect, thereby further enhancing Bcl-2 expression and suppressing apoptosis.
Materials and methods

Oligonucleotides and vector construction
Primers and oligonucleotides (named P1-P26) were purchased from Thermo Fisher Scientific (Waltham, MA, USA) and are listed in Table S1 . For initial experiments using dual-luciferase reporter assays and quantitative reverse transcription PCR assays, the isolated Bcl-2 Gquadruplex sequence (P1 and P2) and its mutated control (P3 and P4) were inserted upstream of the coding region of the Renilla luciferase in the psiCHECK-2 vector (Promega, WI, USA). Pairs of the oligonucleotides were annealed and cloned into the NheI restriction site of the vector.
The human Bcl-2 5 0 UTRs were amplified from cDNA of A-375 and A-375_Bcl-2 GQmt cells, respectively, by nested PCR using primer pairs tailed with SacI und ApaI restriction sites (P5-P8). The PCR products were digested and purified by gel electrophoresis. The original psiCHECK-2 vector was modified by substituting the HSV-TK promoter upstream of the firefly luciferase coding region by a human CMV promoter tailed with SacI und ApaI restriction sites at its 3 0 -end. The gel-purified PCR products (Bcl-2 GQwt UTR, intact Bcl-2 5 0 UTR; Bcl-2 GQmt1/GQmt2 UTRs, mutated Bcl-2 5 0 UTRs) were then cloned into the CMV promoter-driven psiCHECK-2 vector using the SacI und ApaI restriction sites. The CRISPR/Cas9 vector, pSpCas9(BB)-2A-Puro (PX459, ID: 48139), was obtained from Addgene (MA, USA). The target site used in this study was 5 0 -TTTC TCTGGGGGCCGTGGGGTGG-3 0 that contains a part of the Bcl-2 G-quadruplex-forming sequence (bold). The PAM sequence is underlined. To induce spontaneous mutations at the target site, the corresponding paired sequence (P9 and P10) was cloned into the pSpCas9(BB)-2A-Puro vector using the BbsI restriction site according to Ran et al. [28] .
UV-melting analysis
Thermal melting experiments using UV spectroscopy were performed with a JASCO V-650 UV-visible spectrophotometer with a Peltier temperature controller. The melting temperature (Tm) of the RNA samples (P11 and P12) was measured at a final concentration of 1 lM of the oligonucleotide in a buffer containing 10 mM Tris/HCl, pH 7.5, and the indicated concentration of KCl. Samples were heated to 95°C and cooled down to 20°C with a temperature gradient of 0.2°C min À1 . Absorption data were recorded at 295 nm and were collected every 0.5 min. The melting and annealing cycles were performed four times, and the average of Tm was calculated. 
Cell culture and transfection
cDNA preparation
Total RNA was isolated from cells using the RNeasy Mini Kit (Qiagen, Hilden, Germany), followed by DNA digestion using RQ1 RNase-free DNase (Promega). RNA was then subjected to cDNA synthesis using the RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo Fisher Scientific).
Dual-luciferase reporter gene assays and quantitative reverse transcription PCR
For initial experiments with HEK293 cells, activities of firefly and Renilla luciferase were measured at 24 h after transfection using the Dual-Luciferase Reporter Assay Kit (Promega) on a TriStar2 Multimode Reader LB 942 luminometer (Berthold Technologies GmbH & Co. KG, Bad Wildbad, Germany). The ratio of Renilla to firefly luciferase activity (R/FF) was normalized to the value of the empty psiCHECK-2 vector. For quantitative reverse transcription PCR assays, cDNA was synthetized from HEK293 cells at 24 h after transfection. Relative transcript levels of the two luciferases were quantified by real-time PCR (primers P13-P16) using the Maxima SYBR Green qPCR Master Mix (2X) (Thermo Fisher Scientific), and the data were evaluated according to Pfaffl [29] . Experiments were performed with a CFX96 TM Real-Time System on a C1000 TM Thermal Cycler (Bio-Rad Laboratories, CA, USA). For dual-luciferase reporter assays with the full-length Bcl-2 5 0 UTRs, HEK293 cells were treated with etoposide (100 lM) (Sigma-Aldrich, MO, USA) 24 h after transfection. After another 0, 8, or 24 h, activities of the two luciferases were determined, as described above. Here, the ratio of luciferases (FF/R) was normalized to the value of the Bcl-2 GQwt UTR vector. The data shown represent mean values from three independent measurements, each performed in triplicate.
Generation of single-cell clones and genomic PCR analysis
At 24 h after transfection of the CRISPR/Cas9 vector, stably transfected cells were selected in 0.75 lgÁmL À1 puromycin for 1 week, followed by serial dilution in 96-well plates using a conditioned medium to generate single cell clones. Biallelic modification by CRISPR/Cas9-treatment was confirmed by TA cloning (InsTAclone PCR Cloning Kit, Thermo Fischer Scientific). The genomic DNAs of the isolated and expanded cellular clones were prepared using peq-GOLD Tissue DNA Mini Kits (VWR International, PA, USA), followed by PCR (primers P17 and P18) designed for amplifying the region containing the Bcl-2 G-quadruplexforming sequence. The PCR amplicons were cloned into the TA cloning vector and sequenced at the target region.
In silico assessment of G-quadruplex-forming sequences and off-target effects
The potential of the mutated sequences to form a G-quadruplex structure was assessed by the QGRS mapper [30] which estimates G-scores indicating the likelihood of the formation of a G-quadruplex structure by a given sequence. Potential off-target effects of the CRISPR/Cas9-treatment were assessed using CCTop (http://crispr.cos.uni-heidelbe rg.de/index.html) [31] , and the top 20 off-target sites were considered for further analysis. Of these, exonic candidates were analyzed by PCR (primers P19-P22). Biological function of intronic and intergenic candidates were analyzed by the PANTHER Classification System (http://www.panthe rdb.org, version 10.0) [32] and the UniProt (http://www.uni prot.org, version 2016_04) database [33] .
Western blot and ELISA experiments
Subconfluent cells grown in 6-well plates or 60-mm cell culture dishes were treated with etoposide (0, 1, 10, or 100 lM) for 0, 8, or 24 h followed by cell lysis. Protein concentration was determined by the Pierce TM BCA Protein Assay Kit (Thermo Fisher Scientific). Amounts of 40 lg and 55 lg total protein were used for western blots and ELISA, respectively. For western blots, total protein was isolated using RIPA buffer containing 150 mM sodium chloride, 1.0% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris (pH 8.0), and protease inhibitor (cOmplete Tablets, Mini EASYpack; Roche Diagnostics, Rotkreuz, Switzerland). Immunodetection was carried out with a Bcl-2 antibody (C-2):sc-7382 (Santa Cruz Biotechnology, TX, USA, 1 : 200) and a horseradish peroxidase (HRP)-conjugated secondary antibody. Membranes were developed by Pierce TM ECL western blotting substrate (Thermo Fisher Scientific) and visualized using the ChemiDoc TM MP Imaging System (Bio-Rad Laboratories, CA, USA) followed by monitoring using Image Lab Version 4.1 (Bio-Rad). Actin was used as internal control detected with an anti-actin antibody, clone C4: MAB1501 (EMD Millipore Corporation, MA, USA; 1 : 5000). Amounts of Bcl-2 in lysates were quantified by a Human Bcl-2 ELISA Kit (ab202411) (Abcam, Cambridge, UK) according to the manufacture's instruction. The data shown represent mean values from four independent measurements, each performed in duplicate.
Quantitative reverse transcription PCR assays for detection of Bcl-2 mRNA RNA for cDNA synthesis was isolated from A-375 and A375_Bcl-2 GQmt cells following 48 h in 12-well plates. Relative transcript levels of endogenous Bcl-2 were analyzed by real-time PCR (primers P23 and P24 [34] ) using the Maxima SYBR Green qPCR Master Mix (2X) (Thermo Fisher Scientific). 18S rRNA was used as internal control (primers P25 and P26). The mRNA level of Bcl-2 was calculated according to Pfaffl [29] . The calculated values were normalized to the value of the A-375 cells. Data are represented as mean values from three independent experiments, each performed in duplicates. qPCR analysis was run with a CFX96TM Real-Time System on a C1000TM Thermal Cycler (Bio-Rad Laboratories, CA, USA) in technical triplicates.
Apoptosis assays
The proportion of apoptotic cells in cell populations was quantified according to Riccardi and Nicoletti [35] . In brief, subconfluent cells grown in 12-well plates were treated with etoposide (100 lM) for 0, 8, or 24 h. Cells harvested by trypsinization were fixed with 70% ethanol at À20°C until use for monitoring the cell cycle (within 1 week). DNA was extracted using DNA extraction buffer (pH 7.8) containing 0.2 M Na 2 HPO 4 and 0.1% Triton X-100 (v/v), and then stained in the dark for 1 h with propidium iodide (PI) (Sigma-Aldrich). Sub-G1 cells corresponding to cells with fragmented DNA were quantified by flow cytometry (FACS Calibur, BD Biosciences, MA, USA; 10 000 cells gated, FL3A). In addition to the A-375 and A-375_Bcl-2 GQmt cell lines, a subclone was used (A-375/Bcl-2) which had been stably transfected for Bcl-2 overexpression and which was largely insensitive to apoptosis induction [10] . The data shown represent mean values from four independent measurements, each performed in triplicate.
Results
Circular dichroism spectra of a previous study indicated that the G-rich sequence of the Bcl-2 mRNA forms a parallel G-quadruplex structure [23] . To characterize its stability, we carried out UV meting experiments. At a K + concentration of 0.5 mM, the Tm of the G-quadruplex was 52.7°C AE 0.3°C (Fig. 1A) , while the mutated sequence did not show a transition. At physiological concentrations of 145 mM [36] , the Gquadruplex was too stable to melt up to 90°C. We thus conclude that the G-rich sequence in the Bcl-2 mRNA has the capacity to form a very stable G-quadruplex structure under physiological condition, whereas the mutated control does not fold into a Gquadruplex.
Initial functional experiments were carried out to confirm that the G-quadruplex in the 5 0 UTR of the Bcl-2 mRNA represses translation. To this end, the 31 nucleotides long sequence encoding the G-quadruplex was cloned upstream of the Renilla luciferase start codon of the psiCHECK-2 vector ( Fig. 2A) . Dual-luciferase assays confirmed significant inhibition of reporter gene expression of approximately 60%, whereas the level of the mRNA remained virtually unaffected, as determined by quantitative RT-PCR (Fig. 2B and C) . The next step was to disrupt the G-quadruplexforming sequence of Bcl-2 at the genomic level. To this end, human melanoma A-375 cells were transfected with a plasmid encoding a guide RNA targeting the G-quadruplex-encoding sequence and the Cas9 endonuclease. The DNA sequences of several single cell clones were analyzed. The clone chosen for further experiments lacked the wild-type G-quadruplex sequence in both alleles, which was substituted by two mutated sequences denoted as GQmt1 and GQmt2 as shown in Fig. 3A , indicating biallelic disruption of the G-quadruplex motif. Analysis by the QGRS mapper [30] predicted the mutated sequences do not to form a G-quadruplex structure.
Potential off-target effects of the CRISPR/Cas9 treatment were predicted with the CCTop-CRISPR/ Cas9 target online predictor [31] . The first 20 candidates included two exonic sequences in addition to the targeted Bcl-2 sequence. Both were PCR amplified and verified by sequencing not to be mutated. All further potential off-target regions were intronic or intergenic. They were further inspected by Panther [32] and UniProt [33] databases and found not to be involved in apoptotic processes.
To test the relevance of the G-quadruplex for translation in its natural, full-length 5 0 UTR, the wild-type Gquadruplex, as well as the mutated variants, were subcloned upstream luciferase in psiCHECK-2 vector (Fig. 3B) . Disruption of the G-quadruplex was expected to relieve translational repression. As expected, the level of firefly luciferase increased when the mutated sequences were used (Fig. 3C) . The increase was initially 20% (statistically significant) and increased further to 30-40% after 24 h of treatment with etoposide.
While these experiments were carried out with an artificial reporter system, we next tested the consequences of genomic disruption of the endogenous Bcl-2 G-quadruplex in A-375 cells. As shown in Fig. 4A , lanes 1 and 2, disruption of the G-quadruplex did not result in substantial changes in the expression level of Bcl-2 that were detectable by western blotting. Also, addition of etoposide did not lead to any substantial changes in the Bcl-2 expression level. Etoposide was included in this experimental series as an inducer apoptosis in later experiments (see below). These conditions (i.e. presence of etoposide) should be characterized at this point of the study. The experiment was repeated three times (Fig. S1 ). Quantitative evaluation of the western blots confirmed that disruption of the G-quadruplex did not influence the Bcl-2 protein level (Fig. 4 B and C) .
To have a second quantitative method for the detection of Bcl-2 expression levels, ELISA experiments were carried out. As seen in Fig. 4D , the Bcl-2 expression level increased slightly at 24 h of etoposide treatment; however, the measured values were not significantly different between wild-type A-375 and the clone with disrupted Bcl-2 G-quadruplex sequence.
To exclude that the genomic disruption of the G-quadruplex influences Bcl-2 transcription, the respective endogenous mRNA level was determined by qRT-PCR. No differences in the Bcl-2 mRNA level in wild-type and mutated cells were found (Fig. 4E) .
The final experiments aimed at investigating potential biological consequences of the disruption of the Gquadruplex. As Bcl-2 is a prominent inhibitor of apoptosis in melanoma [2,9], etoposide-induced apoptosis in melanoma cells was determined. As seen in Fig. 5 , the percentage of apoptotic A-375 cells with DNA fragmentation increased over time after addition of etoposide (light gray bars). Apoptosis was largely and statistically significantly blocked in a stably transfected A-375 cell line overexpressing Bcl-2 (A-375/Bcl-2), used as control (black bars). In contrast, no inhibition of apoptosis was observed in cells with disrupted Gquadruplex upstream of the of Bcl-2 encoding sequence, rather, the extent of apoptosis was even increased slightly (dark gray). This effect was statistically significant at 8 h, but no longer significant after 24 h. As the Bcl-2 protein level remained unchanged in the CRISPR/Cas9-treated cell line (Fig. 4A-D) , other apoptosis regulators may play a role that remains to be identified.
Discussion
Published literature concerning the biological relevance of G-quadruplex motifs in mRNAs is inconsistent. Particularly in a recent publication, Gou and Bartel questioned the intracellular presence of RNA G-quadruplex structures in eukaryotes [26] . They identified more than 10 000 endogenous regions in RNA from mammalian cell lines and from yeast that form G-quadruplex structures in vitro. However, when they used intracellular structural probing with DMS or a SHAPE reagent, they found most G-quadruplex structures to be widely unfolded in vivo. Although the respective machinery remains to be fully characterized, specific helicases are likely to unfold RNA G-quadruplexes in eukaryotic cells. These findings contrast with previous publications that reported direct intracellular detection of RNA Gquadruplexes, either by structure-specific antibodies [24] or engineered fluorogenic hybridization probes [25] . In addition, multiple studies described G-quadruplex motifs in the 5 0 UTR of mRNAs to repress translation in living eukaryotic cells [14] [15] [16] [17] 20, 22, 23] . It should be noted that all functional studies in the field published so far made use of reporter gene assays. In most cases, the 5 0 UTR harboring the G-rich sequence was located upstream of the luciferase cDNA. Of further importance, expression was usually driven by strong promotors such as SV-40, HSV-TK, or CMV, which facilitate analysis by producing high protein levels that greatly exceed the expression of most endogenous genes. As these artificial systems and their extraordinary high expression levels may influence the function compared with a more natural cellular context, in this study, we compared the relevance of a G-quadruplex in a reporter gene assay and in its normal biological context. As an example, we chose Bcl-2 which is strongly antiapoptotic in melanoma cell [2,9] and harbors a G-quadruplex in its 5 0 UTR. To investigate the role of the G-quadruplex in its biological context, we disrupted the endogenous G-rich sequence in the 5 0 UTR of Bcl-2 by CRISPR/Cas9-mediated genomic editing [37] . Sequence analysis of an expanded single-cell clone confirmed biallelic mutation of the targeted sequence. Large parts of the G-rich sequence were deleted by the CRISPR/Cas9 treatment. To exclude unspecific effects, we assessed two potential, representative exonic off-target sequences of the used guide RNA by CCTop [31] . Sequence analysis revealed that these regions were not mutated in the investigated cell clone. The other potential off-target regions were intronic or intergenic and should not influence apoptotic processes. Despite this careful analysis to rule out off-target effects, we cannot fully exclude clonal effects as all functional experiments have been carried out with a single carefully characterized clone. Although it is unlikely, the possibility exists that deviating results would be obtained with another clone following CRISPR/Cas9 treatment.
Bioinformatic analysis of the original G-rich sequence by the QGRS mapper [30] revealed a high Gscore, i.e. a high probability for the wild-type sequence to form a G-quadruplex structure. In contrast, the mutated sequences were predicted not to form Gquadruplexes. Our CRISPR/Cas9-induced cellular clone can thus be used to specifically investigate the endogenous function of the G-rich sequence in the 5 0 UTR of Bcl-2.
In initial experiments, we analyzed the effects of the G-quadruplex motif in dual-luciferase reporter assays. While the isolated G-quadruplex motif repressed translation by approximately 60% without altering transcription, the mutated sequences relieved repression of translation by only~20% in the context of the fulllength 5 0 UTR. However, this effect was still statistically highly significant and could be increased to approximately 30%-40% by treatment with etoposide, which was also present in the following apoptosis assays. These findings show that the effect of a stable G-quadruplex-forming sequence strongly varies with the sequence context in which it is located. To obtain biologically meaningful data, it is, therefore, important to investigate G-quadruplex motifs in their natural genomic context.
In their original publication to describe the G-quadruplex-forming motif in the 5 0 UTR of Bcl-2, Shahid et al. furthermore found the inhibitory effect to vary in different cell types [23] . While the G-quadruplex motif repressed translation by approximately two-fold in the human breast epithelial cell line MCF10A and the human breast adenocarcinoma cell line MCF7, the inhibitory effect was only 30-40% in the human gastric carcinoma cell line HGC27. Thus, the biological function of a given G-quadruplex motif not only depends on the sequence environment but also on the cellular system used.
The published experiments, as well as our initial experiments, made use of artificial reporter assays driving expression with the strong CMV (experiments with full-length UTRs in [23] and our study) and SV40 promoters (our experiments with the isolated G-quadruplex motif). The CRISPR/Cas9-mediated disruption of the G-rich sequence now enabled us to carry out analyses of the function of the G-quadruplex motif in its natural environment and at its biological expression level. Western blot experiments did not detect any substantial changes in the Bcl-2 level as a consequence of the disruption of the G-quadruplex sequence. The level also remained stable after addition of the apoptosisinducer etoposide. As the expected increase in the protein level of 30-40% might remain undetected in western blot experiments, we carried out ELISA assays. Although the Bcl-2 level varied somewhat over time after addition of etoposide, no significant differences were measured between the wild-type and CRISPR/ Cas9-treated cells. Thus, the ELISA assays confirmed that the Bcl-2 expression level remained virtually unchanged after disruption of the G-quadruplex motif. Quantitative RT-PCR experiments further showed that the Bcl-2 mRNA level was also not altered by the genomic disruption of the G-rich sequence.
As the biological function of Bcl-2 is the suppression of apoptosis, we measured the capability of the cells to enter the apoptosis program according to Riccardi and Nicoletti [35] . While the portion of apoptotic A375 wild-type cells increases over time after induction with etoposide, a stably transfected cell line overexpressing Bcl-2 at high level was resistant to the induction of apoptosis. Cells with a disrupted G-quadruplex motif behaved similar to the wild-type cells, i.e. an increasing proportion of cells underwent apoptosis following treatment with etoposide. This behavior is in line with the observation that the CRISPR/Cas9 treatment did not alter the Bcl-2 protein level. It is important to note that the results described here were obtained in A-375 cells, and it cannot be excluded that disruption of the Bcl-2 G-quadruplex would exert more pronounced effects in other cell types.
Our study together with the results recently published by Shahid et al. [23] indicate that the extent to which a G-quadruplex modulates translation strongly depends on various factors such as sequence environment and length of the 5 0 UTR, cell type and expression level. In the light of the observations made by Guo and Bartel, according to which G-quadruplex structures are globally unfolded by specific RNA helicases in eukaryotic cells [26] , it is tempting to speculate that the G-quadruplex in the 5 0 UTR of Bcl-2 expressed at a comparatively low endogenous level is unfolded. In reporter assays using strong promoters such as SV-40, HSV-TK, or CMV, the level of the transcribed mRNA is substantially higher. To substantiate this assumption, we carried out additional qRT-PCR experiments for the exogenous expression of the reporter Renilla luciferase in HEK293 cells and the endogenous expression of Bcl-2 in A-375 cells. According to the DDCt method, this rough estimate revealed an approximately 20-fold higher expression level for the luciferase compared with the endogenous gene ( Figs S2-S4 ). This value is only a lower limit as the transfection efficiency was determined to be approximately 45%, i.e. the luciferase expression level will be even higher (up to~40 times) in those cells which were successfully transfected.
The high expression level of transgenes used in reporter assays might oversaturate the presumed RNA G-quadruplex helicase activity. As a consequence, the G-rich sequence maintains its ability to form a Gquadruplex structure and thereby prevents further translation. Such a saturation effect has even been found for an in vitro translation assay with reticulocyte lysate [23]: At low Bcl-2 mRNA concentrations, the authors did not observe any differences in translation efficiency between transcripts with the wild-type 5 0 UTR and a variant lacking the G-quadruplex motif. In contrast, at higher concentrations of input RNA, translation was substantially inhibited. This finding can be explained by limited RNA helicase activity in the translation system that is no longer capable of resolving the G-quadruplex structure at high mRNA concentrations. However, the respective ability of RNA helicases to resolve secondary structures at varying mRNA concentrations in living cells remains to be analyzed.
Multiple functions have been ascribed to G-quadruplex structures, including regulation of mRNA processing such as splicing, maintenance of chromosomal end integrity and intracellular transport of mRNAs [21, 38] . However, the biological importance of these motifs may have been overestimated according to the finding that RNA G-quadruplex motifs are widely unfolded in living eukaryotic cells [26] . However, it should be noted that this study used steady-state structural probing techniques which might not detect transient folding of G-rich sequences into G-quadruplex structures. In addition, we and others reported numerous proteins that specifically interact with RNA G-quadruplex motifs [17, [39] [40] [41] [42] and may maintain a folded state of G-rich sequences. It is, therefore, reasonable to assume that G-quadruplex structures fulfill regulatory roles in cells. For example, a given G-quadruplex may be widely unfolded under standard conditions, but as a gene becomes induced to high levels, regulation by the G-quadruplex and its interaction with other cellular components such as proteins may become relevant. In this respect, this study highlights the importance of investigating the biological function of RNA G-quadruplex motifs in their natural context and at their cellular expression levels.
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